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Introduction:

DNA hypermethylation of tumor suppressor gene promoters, in conjunction with
hypomethylation of repetitive elements and increased expression of DNA
methyltransferases (DNMTS), occurs in human prostate cancer. An understanding of how
DNA methylation becomes deregulated in prostate cancer and how to reverse or prevent
this process is important for developing anticancer therapies. It has also been shown that
pharmacological inhibition of DNMTs can have anticancer effects, supporting the
concept that hypomethylation and thus reexpression of tumor suppressor genes may have
therapeutic significance in the treatment of cancer. The TRansgenic Adenocarcinoma of
Mouse Prostate (TRAMP) SV40 transgenic autochthonous model, along with clonal cell
lines derived from TRAMP primary tumors, provides an excellent system to study
disruption of the DNA methylation process in prostate cancer and to determine whether
inhibition of DNMTSs abrogates prostate tumorigenesis. Our preliminary data suggest that
DNA methylation is deregulated in the TRAMP model, which is characterized by altered
methylation patterning of CpG islands and significantly increased DNMT activity and
expression. Based on these findings, we hypothesize that aberrant DNA methylation
contributes to TRAMP tumorigenesis, and that disruption of DNMTs will inhibit prostate
oncogenesis in TRAMP. The information gained from this study will permit a better
understanding of the role of aberrant DNA methylation in prostate cancer.

Specific Aims:

1. Identify and characterize the biological significance of genes that have altered DNA
methylation status in TRAMP.

2. Determine whether genetic disruption of DNMT1 inhibits prostate tumorigenesis in
TRAMP.



Body:

Examination of the Role of DNA Methylation Changes in Prostate Cancer using the
Transgenic Adenocarcinoma of Mouse Prostate (TRAMP) Model

Task 1. Identify and characterize the biological significance of genes that have altered
DNA methylation status in TRAMP:

To complete this task | analyzed several types of TRAMP samples including
Prostatic Intraepithelial Neoplasia (PIN), Well Differentiated disease (WD), Early and
Late Poorly Differentiated disease (EPD and LPD), Androgen Independent Primary
(AIP) tumors and metastases from liver and lung (MET) (1-3). | then performed RLGS
spot cloning to identify several loci that were commonly methylated in these different
types of TRAMP tumors (Appended publications 1 and 2, (1, 3). While several of the
identified genes were hypermethylated in the promoter region, a very high percentage of
these genes showed hypermethylation of downstream regions rather than in the promoter
of the gene (Table 1, 2, (1, 3)).

I next performed qRT-PCR analysis to determine the expression of several of the
commonly hypermethylated genes from the previous task. | examined those that
displayed hypermethylation by RLGS analysis of either the promoter region or
downstream regions. From these experiments | did not identify any genes that showed
promoter region hypermethylation with correlating decreased expression. Therefore, the
only gene fitting these criteria that | have identified in TRAMP is the IRX3 gene (Figure
1, (2)). However, | did identify six genes that display downstream hypermethylation
correlating with increased expression, which we reported in two publications included in
the appendix (1-3). These genes include p19, pl16, Cacnala, Gsc, Nrxn2, and the
unknown gene BC058385 (1-3). Perhaps the most interesting of these are p19 and pl6
which are both encoded in the CDKN2A locus, since this locus was hypermethylated in
almost all PD, AIP and Met tumors. | find that when these genes are overexpressd in
LPD, AIP, or MET tumors they are hypermethylated in the third exon (Figure 2a-b, (1,
2)). 1 also find that these genes are overexpressed in PIN and WD samples that are not
hypermethylated (Figure 2c-d, Table 1, (3)). These results suggest that the overexpression
occurs prior to and may lead to the downstream hypermethylation. | also examined the
expression of the six genes listed above in the C2D and C2N cell lines. The only genes
that were expressed in these cell lines were p19 and p16. Furthermore when the cell lines
were treated with a hypomethylating agent (5-aza-2’-deoxycytidine, DAC) the expression
of both p19 and p16 was decreased (Figure 3a and data not shown). | also found that the
CDKN2A locus is hypermethylated in TRAMP cell lines and this methylation is
decreased when treated with DAC (Figure 3b).

I then completed further methylation analyses on the downstream hyper-
methylated region identified by RLGS as well as the promoter region for pl19, pl6,
Cacnala, Gsc, Nrxn2, and the unknown gene BC058385 (Figure 4 and appended
publications (1, 3)). This was completed either through traditional bisulfite sequencing or
Mass Array Quantitative Methylation Analysis (MAQMA) which is also based on the
bisulfite conversion of DNA. However, no further methylation analysis was completed
on genes identified by RLGS to have promoter hypermethylation since for none of these



genes was there any correlation with decreased expression. Bisulfite sequencing
confirmed the RLGS results that the downstream regions were hypermethylated and that
the promoters were unmethylated for each gene (Figure 4 and appended publications (1,

3)).

I have not completed the later proposed experiments in this task (D and E) due to
the unexpected results described above. However, I am currently performing methyl-DIP
chip array analyses on TRAMP tumors versus normal prostate to identify novel genes
that display promoter hypermethylation correlating with decreased expression in
TRAMP.1 proposed this technique in the alternative approaches in the situation that
RLGS analysis was not sufficient to identify such genes. The idea is that this more global
approach where there are no limitations on gene identification will lead us to genes that
fit the specific criteria. In addition to methyl-DIP chip analyses | am currently examining
several candidate tumor suppressor genes that are commonly hypermethylated in the
promoter region associated with decreased expression, in human prostate cancer. These
genes are Aldhla2, Zfp185, Mgmt, Pdlim4, Rarresl, and Vegfrl. | hope to find that some
of these genes are also hypermethylated in TRAMP to confirm that this phenomenon
occurs in this model and as a set of genes that we can analyze in the Dnmtl hypomorphic
TRAMP mice to determine if DNA methylation changes that occur during TRAMP
tumorigenesis are inhibited.

Task 2. Determine whether genetic disruption of DNA methyltransferase 1 (DNMT1)
inhibits prostate tumorigenesis in TRAMP:

| did obtain C57BI/6 mice carrying either the N or R Dnmt1 hypomorphic allele
From Dr. Peter Laird and have produced sufficient mice in this breeding colony to
complete the proposed experiments. The experimental design to characterize phenotype
of DNMT1 hypomorphic mouse prostates and epigenetic parameters was to obtain a
samples set of at least three mice for each possible genotype (WT, N/+, R/+, N/R) at
either 15 or 24 weeks of age to analyze histologically for prostate development, for DNA
hypomethylation at a global level, and for Dnmt protein expression. These experiments
are nearly complete. However, the Dnmtl hypomorphic alleles (N and R) are not
inherited in a mendelian ratio (should be 1:1:1:1 for each genotype, WT, N/+, R/+, N/R),
which was not previously reported. Mice having both the N and R alleles have the least
amount of DNmt1 expression and therefore may show an altered phenotype compared to
N/+ or R/+ which have only slightly less than normal Dnmtl expression. Unfortunately
N/R mice are found at much lower than expected (one fifth of expected) making these
experiments take much longer than previously estimated (Table 3). | also analyzed
animal weight, urogenital (UG) weight, and prostate weight in these animals and found
that there is a significant decrease in all three parameters in N/R mice compared to WT
mice at 15 weeks and in animal and UG weight at 24 weeks of age (Figure 5). The only
other significant change observed was a decrease in UG weight in N/+ mice at 15 weeks.
This may be explained by the observation that, overall there seems to be more difference
at 15 weeks of age versus 24 weeks and that the N/+ mice have been shown to have less
Dnmtl expression than R/+ mice.

Hematoxylin and eosin staining of prostate and liver in the Dnmtl hypomorphic
mice shows a normal morhology in WT, N/+, R/+ at 15 and 24 weeks of age and in N/R



mice at 15 weeks of age. | do not have samples for histology for N/R mice at 24 weeks
of age due to the decreased Mendelian inheritance, but will obtain them shortly. Once
the rest of N/R samples are collected | will perform immunohistochemical analysis for
the proliferative marker Ki67 and other cell specific markers within the prostate to
determine if the Dnmt1 hypomorphic prostates display a normal phenotype.

In order to confirm that the genotype was correlated with the expected phenotype
of DNA hypomethylation, | next measured global methylation (%5mdC/dG) in both
prostate and liver tissues from the Dnmtl hypomorphic mice at either 15 or 24 weeks of
age. As expected, global hypomethylation is observed in N/R mice with slight
hypomethylation in N/+ mice, with more hypomethylation at the earlier time point
(Figure 7). 1 am currently completing western blot analyses of Dnmtl, Dnmt3a, and
Dnmt3b proteins in samples from the four genotypes at either 15 or 24 weeks of age.

The second part of this task is to produce 50:50 C57BIl/6 x FVB DNMT1
hypomorphic TRAMP mice. There are two breeding strategies for this. The first is a
single cross of C57BI/6 mice carrying either the N or R Dnmtl hypomorphic allele to
FVB TRAMP mice to produce 50:50 C57BI/6 x FVB TRAMP mice carrying one
DNMT1 hypomorphic allele. The second is to transfer the Dnmtl hypomorphic alleles
from the C57BI/6 background to the TRAMP FVB background. These mice can then be
backcrossed to C57BI/6 mice carrying one Dnmtl hypomorphic allele to produce 50:50
C57BI/6 x FVB TRAMP mice carrying both DNMT1 hypomorphic alleles (N/R).

I have collected tissue samples from several Dnmtl hypomorphic TRAMP mice
from the first breeding strategy at either 15 or 24 weeks of age. These mice can have one
of three possible genotypes (WT, N/+, or R/+). The data collected at necropsy (animal
weight, urogenital weight, prostate weight) show a statistically significant decrease in all
three parameters in N/+ mice compared to WT mice at the 15 week timepoint, which is
not seen at 24 weeks of age (Figure 8).

The time it would take to produce the mice in the original second breeding
strategy is in the order of years. Therefore, the number of backcrosses has been decreased
from 7 to 4. The f4 mice are 93.75% FVB and offspring of a cross to C57 would be
46.9% FVB:53.1% C57. Because these mice are not purely 50:50 I will only use non-
hypomorphic littermates as controls and will not collect any more of samples from the
first breeding strategy. | am currently collecting samples at either 15 or 24 weeks of age
from the 46.9% FVB:53.1% C57 mice which carry the TRAMP transgene and are of four
possible Dnmt1 hypomorphic phenotypes (WT, N/+, R/+, N/R). Based on the finding that
both Dnmt1 alleles are not inherited in mendelian fashion I will increase the number of
breeding cages to obtain enough mice for this study. Once these samples are available I
will begin characterizing the epigenetic parameters proposed for this task.



Key Research Accomplishments:

Key Scientific Findings:

Restriction Landmark Genomic Scanning (RLGS) analysis of methylation
patterns in TRAMP revealed a small number of hypermethylation events in PIN
and WD lesions, with a great increase in EPD and LPD tumors.

LPD, AIP and MET tumor phenotypes each display numerous hypermethylation
events, with the most homogeneous hypermethylation pattern in AIP tumors and
the most heterogeneous hypermethylation pattern in metastases.

There are several loci that displayed a tumor phenotype specific methylation
status, suggesting that selection may play a role in the development of these
patterns.

Hypermethylated genes revealed by RLGS showed hypermethylation of
downstream exons correlating with mRNA overexpression.

BC058385, Goosecoid (GSC), pl9/ARF, pl6INK4a, NRXN2 and Cacnala
display downstream hypermethylation correlating with robust mMRNA
overexpression.

Overexpression of p16 and p19, but not downstream hypermethylation, occurs in
early stage prostatic lesions in TRAMP, suggesting that gene overexpression is
the initiating event.

Pharmacological reversal of downstream gene hypermethylation in TRAMP cell
lines led to decreased expression of pl9 and pl6, suggesting that downstream
hypermethylation contributes to the maintenance of increased gene expression.
N/R Dnmtl Hypomorphic genotype is not inherited in Mendelian fashion

N/R mice and less significantly N/+ mice are smaller in size and have decreased
UG weight and prostate weight than WT mice

N/R mice have significant hypomethylation in prostate and liver tissues compared
to WT mice

The differences between Dnmt1 hypomorphs and WT mice are more distinct at 15
weeks than 24 weeks of age

Resources:

Gene list of commonly hypermethylated loci in TRAMP from RLGS analysis
Dnmtl hypomorphic mouse colony (C57BI/6)
Dnmt1 hypomorphic TRAMP mouse colony (FVB)



Reportable Outcomes:
Manuscripts

Morey Kinney, Shannon R., Dominic J. Smiraglia, Smitha R. James, Michael T.
Moser, Barbara A. Foster, and Adam R. Karpf. Stage-specific alterations of
Dnmt expression, DNA hypermethylation, and DNA hypomethylation during
prostate cancer progression in the TRAMP model. Molecular Cancer Res. In
press. 2008

Marta Camoriano *, Shannon R. Morey Kinney*, Michael T. Moser, Barbara A.
Foster, James L. Mohler, Donald L. Trump, Adam R. Karpf, and Dominic J.
Smiraglia. Cancer Research. In press. 2008.

*Equal contribution

Presentations

Shannon R. Morey. Cancer Epigenetics as Seen Through the Eyes of a Mouse.
Invited lecture 2007 Science Decade Lecture Series, Roswell Park Cancer
Institute, March 6, 2007

Shannon R. Morey, Dominic J. Smiraglia, Barbara A. Foster, and Adam R.
Karpf. Alterations in DNA Methylation During TRAMP Tumor Progression.
Oral presentation at the Annual Pharmacology Sciences Day, University at
Buffalo, May 14, 2007.

Shannon R. Morey, Dominic J. Smiraglia, Michael T. Moser, Barbara A. Foster,
and Adam R. Karpf. DNA Methylation Pathway Alterations in a Mouse Model of
Prostate Cancer. Poster presentation at the AACR Edward A. Smuckler
Memorial Pathobiology of Cancer Workshop, Snowmass, CO, July 18, 2007.

Shannon R. Morey Kinney, Dominic J. Smiraglia, Michael T. Moser, Barbara
A. Foster, and Adam R. Karpf. Comparison of Altered DNA Methylation During
Prostate Cancer Progression Using the TRAMP Model. Poster presentation at the
Pharmacology and Therapeutics Departmental Retreat. Holiday Valley Resort and
Conference Center, Ellicottville, NY, November 8, 2007.

Shannon R. Morey Kinney, Dominic J. Smiraglia, Michael T. Moser, Barbara
A. Foster, and Adam R. Karpf. Comparison of Altered DNA Methylation During
Prostate Cancer Progression Using the TRAMP Model. Poster presentation at the
14™ Annual Thanksgiving Poster Forum. Roswell Park Cancer Institute, Buffalo,
NY, November 16, 2007.



Shannon R. Morey Kinney, Marta Camoriano, Michael T. Moser, Barbara A.
Foster, Dominic J. Smiraglia, and Adam R. Karpf.  Restriction Landmark
Genomic Scanning Reveals Phenotype Specific Epigenomic Patterns in a Mouse
Model of Prostate Cancer. Poster presentation at the Keystone Cancer Genomics
and Epigenomics Symposium, Taos, NM, February 21, 2008.

Funding

SUM-07-14 Mark Diamond Research Fund Award, University at Buffalo
“Epigenetic Deregulation in a Mouse Model of Prostate Cancer”
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Conclusion:

While I was not able to identify any genes in addition to Irx3 that are
hypermethylated in the promoter correlating with decreased expression in TRAMP, 1 did
identify several genes that have increased expression that correlates with downstream
hypermethylation. This phenomenon has been shown to occur in plants, but has not been
well studied in mammals or cancer models. These data have been accepted for
publication through peer review, indicating the importance of these unexpected findings.

These results indicate that altered DNA methylation may play an important role in
increased gene expression in addition to the well studied decreased gene expression. The
overexpression of these genes may promote tumorigenesis and studies examining the
oncogenic activity of these overexpressed genes in prostate cancer may lead us to identify
novel therapeutic targets. Furthermore, these data suggest that treatment with
hypomethylating agents may have dual activity of activating hypermethylated tumor
suppressor genes as well as inactivating oncogenes whose expression is maintained by
downstream hypermethylation. Future studies will be required to rigorously test this
hypothesis.

The previously unreported knowledge that the N/R Dnmtl hypomorphic alleles
are not inherited in Mendelian fashion as well as the knowledge that these mice seem to
be runted to a certain extent will be very useful in completing the second task of this
study. It is also important to report a complete characterization of this model.
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Appendix

Table 1. RLGS spot loss in TRAMP samples
Number of times hypermethylated

(%)
PIN WD EPD LPD Gene Context of  Hypermethylation
SpotID n=5 n==6 n=7 n=14 Gene Name Hypermethylation in CpG Island
14
3D22 0 (0) 0(0) 7(100) (100) Cdkn2a 3'end no
4C13 0 (0) 0(0) 5(71) 13(93) AK039621 5'end yes
3D67 0 (0) 0(0) 6(86) 12(86) Oprdl 3'end yes
3C21 0(0) 0 (0) 6(86) 10(71) Nrxn2 5'end yes
4C31 0 (0) 0(0) 7(100) 10(71) Adcy5 Body no
3E30 0(0) 0(0) 7(100) 10(71) Gsc 3'end yes
2G63 0 (0) 0(0) 6(86) 10(71) BC051947 Body yes
2C28 1(20) 4(67) 3(43) 9(64) AK004006 5'end yes
5F09 0 (0) 0(0) 3(43) 9(64) Cacnala 3’ end no
5B30 0 (0) 0(0) 5(71) 8(57) ARHGEF17 5'end yes
2B37 0 (0) 00) 1(4) 7(50) Ptprs Body yes
4C01 0 (0) 00) 2(29) 7(50) AK044818 5'end yes
6C17 0 (0) 0(0) 1(14) 6(43) Foxd3 5'end yes
4D27 0(0) 0 (0) 0 (0) 6 (43) Hoxa2 5'end yes
4C11 0 (0) 0(0) 3(43) 6(43) 4932416N17Rik Body no
5D52 0(0) 0 (0) 0 (0) 5 (36) Zarl 5'end yes
2D39 0 (0) 0 (0) 0 (0) 5 (36) CG869761 5'end yes
4C17 0(0) 0 (0) 3(43) 5(36) Lhfpl4 5'end yes
2D21 0 (0) 00) 1(14) 5(36) BC025575 3'end yes
4G73 0(0) 0(0) 2(29) 5(36) Irx3 5'end yes
4C38 0 (0) 00) 114 4(29 Lhfpl4 5'end yes
3D36 0 (0) 00 1(14) 4(29) Lmin 5'end yes
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Table 1 RLGS spots of interest.

# |Spot PRIMMETLAIP Total Class ‘P-valuefCGI| Context H;%Tf
n=30 |n=30|n=30|n=90 9y
1 lsc21| 20 | 1 | 27| 48 | *Primor AIP |1.0E-12| Y | Body Nrxn2
2 [3e30| 24 5 |29 | 58 | PrimorAIP |23E-11| N 3'end Gsc
3 |sFo9| 19 | 2 | 21| 42 | Primor AIP |2.5E-08| N | Body Cacnala
4 2G63] 22 | 8 | 29| 59 | PrimorAIP |7.1E-08| Y | Body | BC058385
S [2B37| 14 | 1 | 14| 29 | Primor AIP |1.0E-05| - | - -
6 IsB30o| 20 | 6 | 22 | 48 | Primor AIP |1.2E-05| Y | Body | AK139829
7 laD27 16 6 | 19 | 41 | Primor AIP |7.0E-04| Y | %'end Hoxa2
8 I3e16| 8 | 0 | 8 | 16 | Primor AIP |9.1E-04| -- - -
9 laco1| 18 | 9 | 20| 47 | Primor AIP |3.0E-03| Y | 5end | AK044818
10 I3po1 0 | 7| 14 | Primor AIP |3.0E-03| - - -
1 e 8 | o 14 | Primor AIP |3.8E-03| -- - -
12 1oc17] 7 | 0 | 5 | 12 | Primor AIP |7.0E-03| - - -
13 l4c17| 13 | 8 | 20 | 41 | Primor AIP |1.4E-02| Y | 5'end Lhfpl4
14 upeo] 0 | 0 | 9 | 9 [PAIP specificity|2.0E-05| Y | S'end Nfyb
15 lae0a] 2 | 4 | 15 | 21 | AIP specificity |5.0E-05| Y | S'end Tpm2
16 l4ups4a| 0 | 5 | 14 | 19 | AIP specificity |6.0E-05| Y | S'end Pawr
17 14e16) 0 | 1 | 9 | 10 | AIP specificity |1.0E-04| Y | 5end Tpm2
18 13c39 0 | 0 7 | AIP specificity |2.0E-04| Y | S5'end Mid1ip1
19 13G8s) 5 | 2 | 13 | 20 | AIP specificity |1.0E-03| Y | 5end 1165t
20 13p22| 29 | 23 | 30 | 82 | CFrequency N | 3end Cdkn2a
21 lac11| 21 | 25 | 28 | 74 | Frequency N | Body |4932416N17Rik
22 |ag25| 23 | 25 | 26 | 74 Frequency -~ -- --
23 lac38| 19 | 15 | 28 | 62 Frequency Y | 5end Lhfpl4
24 l4c31| 23 | 11 | 25 | 59 Frequency N Body Adcy5
25 |ac13| 23 | 9 | 26| 58 | Frequency Y | Send | AK039621
26 I3p67| 18 | 17 | 21 | 56 | Frequency Y | 3end Oprdl
21 Iaco8| 16 | 14 | 22 | 52 | Frequency Y | Send | AK004006
28 2E04| 19 9 |13 | 41 Frequency -~ -- --
29 Iop21| 13 | 8 | 15| 36 | Frequency Y | 3end | BCO025575
30 |3Es6| 9 | 11 | 15| 35 | Frequency Y | 5end Zfp787
31 |se07| 7 | 12 | 16 | 35 | Frequency Y | Send | U2afl-rsl
32 lsp10| 6 12 | 15 | 33 Frequency N |Intergenic| Intergenic

#Spots lost significantly in primary tumors plus androgen-independent primary tumors (n=60), but not
metastatic tumors (n=30); “Spots lost significantly in androgen-independent primary tumors (n=30), but
not in primary plus metastatic tumors (n=60); °Spots lost in greater than 30 samples from all tumor types
(n=90); “Fischer’s Exact test (two-tailed) for class membership; °Is the RLGS spot Notl site within 200bp
of a CpG island; 'RLGS spot is unidentified; “Within 5kb of transcriptional start site and/or including exon
1: "Annotated gene, mRNA, or spliced EST within 5 kb of the CpG island or Not! site.
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Figure 1. Promoter methylation of Iroquiox Homeobox Gene 3 (IRX3) is associated with
decreased expression in TRAMP tumors. A) Upper: Diagram of IRX3 gene. Right
arrow, transcriptional start site; open rectangles, exons; lines, introns; vertical arrow,
position of the Notl site identified by RLGS; black bar, CpG island; horizontal line with
circles, regions analyzed by sodium bisulfite sequencing.Lower: Methylation analysis of
Notl site identified to be hypermethylated by RLGS analysis and region upstream of
transcriptional start site by bisulfite sequencing. Each circle indicates a CpG, with each
row of circles indicating a sequenced clone. N — Normal prostate, LPD - Late Poorly
Differentiated. Filled circles indicate methylated CpGs and unfilled circles indicate
unmethylated CpGs. B) gRT-PCR expression analysis of IRX3 in TRAMP tumors
compared to normal prostate. Filled bars are those that were shown to be
hypermethylated by RLGS analysis.
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Figure 2. TRAMP tumors displaying downstream hypermethylation of the CDKN2A
locus show increased mRNA expression of p19 and pl6. A-B) pl9 and pl16 mRNA
expression in LPD, MET and AIP tumors grouped by either methylated or unmethylated
RLGS status. T no AIP samples are unmethylated at this locus by RLGS analysis C-D)
p19 and p16 mMRNA expression in N, PIN, WD, EPD, and LPD samples. Mann-Whitney
test p-values: ** p < 0.005; * p < 0.01, for each group compared to normal prostate.
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Figure 3. p19 and pl16 expression are decreased in TRAMP C2D cell line with DAC
treatment. A) p19 and p16 mRNA expression in TRAMP C2D cell line without and with
DAC treatment for 48 hours. B) Bisulfite pyrosequencing analysis of the
hypermethylated CDKN2A downstream region without and with DAC treatment in
TRAMP C2D cell line.
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Figure 4. Bisulfite sequencing analysis of CDKN2A, Cacnala, GSC and NRXN2 loci.
A) Upper: diagram of the Cdkn2a locus. Open rectangles, p19 exons; hashed rectangles,
pl6 exons; lines, introns; right arrows, transcriptional start sites; vertical arrow, position
of the Notl site identified by RLGS; black rectangles, CpG islands; horizontal line with
circles (A-C), regions analyzed by sodium bisulfite sequencing. Lower: sodium bisulfite
sequencing data of regions A-C in normal prostate and TRAMP samples. Percent
methylation (averaged over the entire sequenced region), from at least ten sequenced
clones per sample, is plotted. B) Upper: diagram of the Cacnala locus. Right arrow,
transcriptional start site; open rectangles, exons; lines, introns; vertical arrow, position of
the Notl site identified by RLGS; black bar, CpG island; horizontal line with circles (A
and B), regions analyzed by sodium bisulfite sequencing. Lower: sodium bisulfite
sequencing data of regions A and B in normal prostate and TRAMP samples. Percent
methylation (averaged over the sequenced entire region), from at least ten sequenced
clones per sample, is plotted. C-D) MAQMA bisulfite sequencing results for the Gsc and
Nrxn2 loci. Percent methylation (averaged over the sequenced entire region), plotted
against sample type and RLGS methylation status.
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Table 3. Inheritance analysis of Dnmtl hypomorphic alleles
Genotype WT N/+ R/+ N/R
# Mice analyzed 53 46 49 8
Mendelian Ratio 11 0.9 1.0 0.2

Figure 5. Animal, urogenital (UG), and prostate weight in Dnmt1 hypomorphic mice. A)
Weight of animal at sacrifice in Dnmtl hypomorphic mice in all four genotypes (WT,

N/+, R/+, N/R) at either 15 or 24 weeks of age.

B) Urogenital weight at sacrifice in

Dnmtl hypomorphic mice in all four genotypes (WT, N/+, R/+, N/R) at either 15 or 24
weeks of age. C) Prostate weight at sacrifice in Dnmtl hypomorphic mice in all four
genotypes (WT, N/+, R/+, N/R) at either 15 or 24 weeks of age. Mann-Whitney test p-
values: ** p < 0.005; * p < 0.01, for each group compared to WT for each time point.
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Figure 6. Global Methylation is decreased in Dnmt1 hypomorphic mice in both prostate
and liver. A) Global methylation levels in prostate measured as %5mdC by liquid
chromatography mass spectrometry in Dnmt1 hypomorphic mice in all four genotypes
(WT, N/+, R/+, N/R) at either 15 or 24 weeks of age. B) Global methylation levels in
liver measured as %5mdC by liquid chromatography mass spectrometry in Dnmtl
hypomorphic mice in all four genotypes (WT, N/+, R/+, N/R) at either 15 or 24 weeks of
age. Mann-Whitney test p-value: * p < 0.01, for each group compared to WT for each
time point.
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Figure 7. Animal, urogenital, and prostate weight in Dnmtl Hypomorphic TRAMP mice.
A) Weight of animal at sacrifice in Dnmtl hypomorphic TRAMP mice in all three
genotypes (WT, N/+, R/+) at either 15 or 24 weeks of age. B) Urogenital weight at
sacrifice in Dnmtl hypomorphic TRAMP mice in all three genotypes (WT, N/+, R/+) at

either 15 or 24 weeks of age.

C) Prostate weight at sacrifice in Dnmtl hypomorphic

TRAMP mice in all three genotypes (WT, N/+, R/+) at either 15 or 24 weeks of age.
Mann-Whitney test p-value: * p < 0.05, for each group compared to WT for each time

point.
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Abstract

We analyzed DNA methyltransferase protein expression and DNA methylation
patterns during four progressive stages of prostate cancer in the Transgenic
Adenocarcinoma of Mouse Prostate (TRAMP) model, including prostatic intraepithelial
neoplasia (PIN), well differentiated tumors (WD), early poorly differentiated tumors
(EPD), and late poorly differentiated tumors (LPD). Dnmtl, Dnmt3a, and Dnmt3b
protein expression are increased in all stages, coinciding with overexpression of E2F
gene targets, linking this alteration to Rb inactivation by Large T antigen. After
normalization to Cyclin A to account for cell cycle regulation, Dnmt proteins remained
over-expressed in all stages except LPD. Restriction Landmark Genomic Scanning
(RLGS) analysis of locus-specific methylation revealed a high incidence of
hypermethylation only in poorly differentiated (EPD and LPD) tumors. Several genes
identified by RLGS showed hypermethylation of downstream regions correlating with
MRNA overexpression, including pl6INK4a, pl19ARF, and Cacnala. Parallel gene
expression and DNA methylation analyses suggests that gene overexpression precedes
downstream hypermethylation during prostate tumor progression. In contrast to gene
hypermethylation, genomic DNA hypomethylation, including hypomethylation of
repetitive elements and loss of genomic 5mdC, occurred in both early and late stages of
prostate cancer. Statistical correlation analyses reveal that locus-specific
hypermethylation and global hypomethylation are not associated in TRAMP. Notably,
Dnmtl and Dnmt3b over-expression correlated with global DNA hypomethylation, but
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not locus-specific hypermethylation, suggesting the existence of a regulatory loop
responsive to global DNA hypomethylation that involves specific Dnmts. In summary,
our data reveal the temporal relationship between key alterations of the DNA methylation
pathway occurring during prostate tumor progression.

Introduction

DNA methylation is deregulated in cancer such that the promoter regions of
tumor suppressor genes become hypermethylated, resulting in gene silencing, while, on a
global level, DNA becomes hypomethylated, potentially leading to genomic instability
(4, 5). In human prostate cancer, both of these mechanisms have been observed (6). In
addition, deregulated expression of DNA methyltransferase (Dnmt) proteins is seen in
human prostate cancer . These data provide compelling circumstantial evidence of a role
for these alterations in prostate cancer development. However, it is difficult to assess the
functional contribution of these alterations to prostate cancer development using only
human clinical samples. Moreover, the relative timing of and relationship between
distinct DNA methylation pathway alterations during prostate tumor progression has not
been assessed in an experimentally tractable model system. To this end, we and others
have recently established TRAMP (Transgenic Adenocarcinoma of Mouse Prostate) as a
suitable mouse model to investigate the role of altered DNA methylation in prostate
cancer development (2, 7, 8). We have shown that late stage primary tumors and
metastases from TRAMP mice display increased Dnmt expression, locus-specific non-
random CpG island hypermethylation, and hypomethylation of repetitive DNA elements
(2). In addition, others have demonstrated, using pharmacological inhibition of Dnmt
enzymes, that DNA hypermethylation contributes to the development of primary cancer
in both intact and castrated TRAMP mice (7, 8). Taken together, these data suggest that
the TRAMP model may be particularly useful to clarify the role of DNA methylation
pathway alterations in prostate cancer development.

One notable finding of our previous study was that TRAMP tumors frequently
display overexpression of pl9ARF (pl9) and pl6INK4a (pl6), correlating with
hypermethylation of a shared downstream region (exon 3) of the Cdkn2a locus (2). The
relevance of this event to human prostate cancer is supported by the prior observation that
pl6 gene up-regulation and downstream hypermethylation also occur in human prostate
cancer . Using Restriction Landmark Genomic Scanning (RLGS), we identified several
other genes that were hypermethylated in downstream regions in TRAMP, relative to
normal prostate, suggesting that this phenomenon may be widespread (2). Previous work
in other systems has also reported hypermethylation of actively transcribed downstream
gene regions in cancer . However, it remains unclear whether gene overexpression in
cancer occurs prior or subsequent to downstream DNA hypermethylation.

In the current study we sought to define the relationship between disease stage,
Dnmt expression, DNA hypermethylation, and DNA hypomethylation in prostate cancer.
For this purpose, we selected TRAMP prostate samples from four distinct groups
(prostatic intraepithelial neoplasia (PIN), well-differentiated tumors (WD), early poorly
differentiated tumors (EPD), and late poorly differentiated tumors (LPD)) for analysis,
for comparison to non-transgenic strain matched normal mouse prostates. In each sample
set we measured Dnmtl, Dnmt3a, and Dnmt3b protein expression by Western blot,
locus-specific methylation using RLGS, and global methylation using Liquid
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Chromatography-Mass Spectrometry (LC-MS) detection of 5-methyldeoxycytidine
(5mdC), and bisulfite pyrosequencing of the Bl repetitive element. In addition, we
examined the relationship between gene overexpression and downstream
hypermethylation in TRAMP, via comparative mRNA expression and DNA methylation
analysis of p16INK4a, p19ARF, and Cacnala in staged tumor samples. Importantly, we
performed statistical correlation analyses to assess the relationship between each of these
parameters during tumor progression. Our findings reveal key aspects of the relationship
between distinct alterations of the DNA methylation pathway occurring during prostate
tumor progression.

Results

Multi-stage Prostate Cancer (CaP) Progression in TRAMP. In this study, we
utilized prostate tumors from TRAMP mice, as well as normal prostates from non-
transgenic, strain-matched mice (Fig. 1A). We grouped TRAMP samples based on
differentiation status, age, and prostate weight into the following four categories:
Prostatic Intraepithelial Neoplasia (PIN, 10-12 weeks, 0.008-0.04 gm, n = 35), well-
differentiated tumors (WD, 15-20 weeks, 0.03-0.09 gm, n = 25), early poorly-
differentiated tumors (EPD, 15-20 weeks, 0.49-4.86 gm, n = 12), and late poorly-
differentiated tumors (LPD, 22-28 weeks, 1.65-15-65 gm, n = 12) (Fig. 1A). This
grouping is based on previous studies showing that age and prostate weight directly
correlate with tumor progression in TRAMP (9). PIN samples are normal in weight, but
microscopically display neoplasia and hyperplastic infolding of the epithelial layer into
the luminal space of the gland (Fig. 1, A and B). WD samples are larger than normal
prostates, but were not palpable at necropsy. The majority of the disease in these samples
is well differentiated glandular epithelium (Fig. 1B). EPD samples are from the same age
range as WD samples (15-20 weeks), but were palpable at necropsy and histologically
demonstrated predominantly sheets of poorly differentiated epithelial cells (Fig. 1, A and
B). LPD tumors, from 20-28 week old mice, were very large and show poorly
differentiated late stage disease (Fig. 1, A and B). Hematoxylin and eosin (H&E)
staining was used to stage a subset of samples and confirmed the assigned groupings
(Fig. 1B and data not shown).

Dnmt protein expression during multi-stage CaP progression. We initially
examined Dnmtl, Dnmt3a, and Dnmt3b protein expression in normal prostates and the
four sets of TRAMP samples described above using Western blot analysis. Dnmtl
expression is significantly elevated in PIN and WD and its level increases further in late
stage (EPD and LPD) samples (Fig. 2A and B). Dnmt3a and Dnmt3b also show elevated
expression in PIN and WD, which increases in EPD and LPD tumors (Fig. 2A, C-D). We
measured Cyclin A, to normalize Dnmt expression, as Dnmt expression is cell cycle
regulated with high level expression restricted to S phase . Cyclin A expression is
robustly increased only in late stage (EPD and LPD) disease (Fig. 2A and E). As
expected based on our previous work, there was a strong association between the
expression of each Dnmt and the expression of Cyclin A, SV40 Large T antigen and
E2F1 ( and data not shown). Notably, after normalization to Cyclin A, Dnmtl and
Dnmt3b expression are significantly upregulated in PIN, WD, and EPD, but no longer in
LPD tumors (Fig. 2F and H). Dnmt3a is upregulated only in PIN and WD tumors after
normalization to Cyclin A (Fig. 2G). Taken together, these data indicate that increased

24



Dnmt protein expression is not solely accounted for by increased cell proliferation, and
may be most biologically significant at early progression stages in TRAMP.

Locus-specific DNA hypermethylation during multi-stage CaP progression.
We next utilized RLGS to examine global CpG island methylation patterns in TRAMP
samples of each progression stage. RLGS is a two-dimensional gel analysis of radio-
labeled, methylation sensitive enzyme-restricted DNA fragments . When comparing
RLGS gel patterns, spot loss and spot gain correspond to DNA hypermethylation and
DNA hypomethylation events, respectively. RLGS allowed for the identification of
hypermethylation events in TRAMP which, in the vast majority of instances, were
confined to late stage (EPD or LPD) disease (examples shown in Fig. 3A and B). A low
level of both hypermethylation and hypomethylation events were observed in PIN and
WD samples, while EPD and LPD tumors showed a substantial increase in
hypermethylation events (Fig. 3C and D). In addition, the number of hypermethylated
loci from tumor to tumor was variable within the EPD, and particularly the LPD, groups
(Fig. 3D). We identified the genes corresponding to different RLGS spots using cloning
techniques described previously (Table 1). A number of these loci were hypermethylated
at high frequency in EPD and LPD (Table 1), suggesting that methylation of these loci
are under positive selection during prostate cancer progression in TRAMP.

Downstream hypermethylation and increased gene expression. We
previously reported that overexpression of p19 and p16 correlated with the downstream
hypermethylation at the shared exon 3 of the Cdkn2a locus in late stage TRAMP tumors
(2). Several other genes also display hypermethylation in downstream regions in
TRAMP tumors, providing further evidence of the potential importance of this
phenomenon (Table 1, genes in bold). The staged progression model we describe here
allows for an investigation of the relative timing of gene overexpression and downstream
hypermethylation. We find that p19 and p16 are over-expressed in all stages analyzed, as
compared to normal prostate, indicating that overexpression is an early event (Fig. 4A
and B). In contrast, RLGS indicated that hypermethylation of the Notl site at exon 3 of
the Cdkn2a locus was exclusively found in late stage (EPD and LPD) samples (Table 1).
Bisulfite sequencing confirmed that TRAMP tumors sometimes fail to show Cdkn2a
exon 3 hypermethylation, despite the fact that overexpression is uniformly observed in
these lesions (Fig. 4C). These data suggest that gene overexpression precedes
downstream hypermethylation at the Cdkn2a locus during tumor progression. Moreover,
downstream hypermethylation at the Cdkn2a locus in TRAMP is rarely accompanied by
hypermethylation at the p19 or p16 promoter regions (Fig. 4C).

To investigate this phenomenon at a distinct locus, we measured the expression
and methylation of the calcium channel gene Cacnala, which is frequently methylated in
a 3’ region (exon 33) in TRAMP (Table 1). Cacnala is overexpressed only in late stage
(EPD and LPD) tumors, paralleling its exclusive methylation in these stages (Fig. 5A,
Table 1). Notably, overexpression occurred in all analyzed late stage (EPD and LPD)
samples, while downstream hypermethylation occurred only in approximately half of
these samples (Fig. 5A, Table 1). Bisulfite sequencing further demonstrated that this
downstream region of Cacnala, but not its promoter region, is methylated in TRAMP
(Fig. 5B). Taken together, these data suggest that, similar to Cdkn2a genes,
overexpression of Cacnala precedes its downstream hypermethylation. Interestingly, a
low but significant level of methylation at the Cacnala locus was seen in both normal
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prostates and early stage samples (Fig. 5B). This situation may be analogous to certain
genes that are partially methylated in normal human prostate and become
hypermethylated in human prostate cancer .

DNA hypomethylation during multi-stage CaP progression. In addition to
gene specific DNA hypermethylation, global DNA hypomethylation appears to
contribute to oncogenesis . In TRAMP, we previously found increased variability but no
consistent changes in 5mdC levels in late stage TRAMP tumors and metastases as
compared to normal strain-matched prostates (2). We hypothesized that global
hypomethylation may be an early event during TRAMP tumor development that could
have been missed in our previous study. To test this hypothesis, we measured 5mdC
levels by LC-MS as well as the methylation level of the common murine repetitive
element B1 using quantitative bisulfite pyrosequencing, in the four stages of TRAMP
samples described earlier (Fig 1A). Notably, 5mdC levels were significantly decreased in
WD and EPD tumors (Fig. 6A). At the latest stage, LPD, this effect was lost; however
increasing variability from tumor to tumor was apparent (Fig 6A). In contrast to 5mdC
levels, the B1 repetitive element is significantly hypomethylated in all four progression
stages measured, but more dramatically in the later stages (Fig. 6B). Analyzed over the
entire data set, 5mdC levels directly correlated with B1 methylation (Spearman Rank
Correlation r = 0.30, p=0.04). These experiments demonstrate that genomic DNA
hypomethylation occurs as an early event during prostate tumorigenesis in TRAMP, and
persists and/or increases in advanced stages.

Relationship between DNA methylation pathway alterations in TRAMP.
We took advantage of our unique data set to examine the relationship between Dnmt
protein expression, DNA hypermethylation, and DNA hypomethylation during prostate
tumorigenesis. To examine the potential link between DNA hypermethylation and DNA
hypomethylation, we compared the extent of RLGS spot loss to 5mdC levels or Bl
element methylation status in all samples (Fig. 6C and D). Notably, there was no
association between DNA hypermethylation and either parameter of global DNA
hypomethylation, suggesting that hyper- and hypomethylation are independently
controlled in TRAMP. The lack of association was still seen when only late stage (EPD
and LPD) samples, which show a much higher incidence of DNA hypermethylation (Fig
3), were analyzed (Fig. 6E and F).

We also compared Dnmtl, Dnmt3a, and Dnmt3b protein expression, after
normalization to Cyclin A, to DNA hypermethylation and DNA hypomethylation. Dnmt
protein expression did not correlate with RLGS spot loss (DNA hypermethylation) in all
TRAMP samples, suggesting that locus-specific DNA hypermethylation may result from
a defect in methylation targeting rather than from altered Dnmt expression (Table 2).
Again, a lack of association between these parameters was maintained when only late
stage tumors (EPD and LPD) were analyzed (data not shown). Interestingly, expression
of Dnmtl and Dnmt3b, but not Dnmt3a, was inversely correlated with 5mdC levels
(Table 2). For B1 methylation, the same trend was apparent, but did not reach statistical
significance (Table 2). This intriguing finding suggests that Dnmtl and Dnmt3b protein
overexpression in prostate cancer may reflect a regulatory loop responsive to global DNA
hypomethylation.
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Discussion

We have utilized the TRAMP model to elucidate the nature and the temporal
relationship of distinct DNA methylation pathway alterations occurring during prostate
cancer development. A unified model encompassing the data presented here, as well that
of our previous work , is shown in Fig 7. At the earliest stage analyzed, PIN, a number of
alterations are already detected, including Dnmt protein overexpression, hypomethylation
of the B1 repetitive DNA element and, to a lesser extent, gene-specific DNA
hypermethylation (Fig. 7). 5mdC loss is substantial at the WD and EPD stages, but
becomes highly heterogeneous later on (Fig. 7). DNA hypermethylation becomes highly
prevalent only in late stage primary and metastatic tumors (Fig. 7). Similar to the
heterogeneous 5mdC levels seen in late progression stages, there is increased
heterogeneity of DNA hypermethylation events in metastatic lesions (Fig. 7).

Unexpectedly, correlation analyses indicate that Dnmtl and Dnmt3b protein
overexpression is directly associated with DNA hypomethylation, but not with DNA
hypermethylation. At first, this finding appears counterintuitive. However, these data
could be explained if Dnmtl and Dnmt3b protein overexpression is driven by a feedback
mechanism involving detection of global 5mdC loss (Fig. 7, dashed line). It will be
crucial to investigate this potential regulatory circuit in future studies. A lack of
association between Dnmt overexpression and DNA hypermethylation is consistent with
studies of ovarian and lung cancer , and suggests that improper targeting of Dnmt
proteins to specific loci, or positive selection of stochastic hypermethylation events,
rather than increased Dnmt expression, drives locus-specific DNA hypermethylation in
prostate cancer. The former model is in agreement with previous studies showing that
specific DNA motifs have an intrinsic propensity for aberrant DNA hypermethylation .

In TRAMP, accumulating evidence suggests that aberrant DNA hypermethylation
directly contributes to the disease progression. Treatment of TRAMP mice with the
Dnmt inhibitor DAC delays tumor progression, without altering the incidence of early
stage disease (7). Consistent with this finding, we observe that very few aberrant locus
specific hypermethylation events are detected in early stage tumors (PIN and WD), while
a large number of these events are seen in late stage tumors (EPD and LPD). The fact
that high frequency gene specific DNA hypermethylation occurs only at late stages of
prostate cancer suggests that they may result from tumor selection and not simply
transgene expression. This is in agreement with a recent study examining DNA
hypermethylation in a murine lymphoma model, which found changes in DNA
methylation only in late stage disease (10).

In TRAMP, increased expression of p19 and p16 occur as early as the PIN stage
while overexpression of Cacnala occurs at later stage disease. For each gene, increased
expression coincides with regional downstream DNA hypermethylation. It is intriguing
that downstream hypermethylation of overexpressed genes occurs at several loci in
TRAMP (Table 1). The relative timing of these two events in vivo, for the genes studied
here, suggests that gene overexpression occurs prior to and may facilitate downstream
hypermethylation. However, in preliminary studies we have observed that treatment of
TRAMP cell lines with DNA methyltransferase inhibitor 5-aza-2’-deoxyctidine results in
decreased expression of pl9 and pl6, coinciding with reduced downstream
hypermethylation (data not shown). Taken together, these data appear to suggest that
increased transcription facilitates downstream hypermethylation, which may then
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contribute to the maintenance of the transcriptionally active state. In vivo manipulation
of DNA methylation levels in TRAMP mice will be required to adequately test this
hypothesis. In any case, it is important to point out that p16 gene expression is also
increased in human prostate cancer, in conjunction with hypermethylation of downstream
regions , strongly supporting the relevance of our observations in the TRAMP model.

Significant reduction of global 5mdC occurs only in the WD and EPD stages; in
contrast, the B1 element is hypomethylated at all stages, including PIN. This result
suggests that DNA hypomethylation of certain genomic regions is a very early event
during prostate tumor progression but is not uniform across the entire methylome.
Notably, locus-specific hypermethylation and global genomic hypomethylation did not
correlate, suggesting that the two events make independent contributions to prostate
cancer development. In the context of murine intestinal tumorigenesis, Jaenisch and
colleagues have shown that DNA hypomethylation accelerates the formation of early
stage microadenomas, but dramatically inhibits the formation of macroscopic polyps .
Our findings suggest that an analogous scenario could occur in murine prostate cancer,
with hypomethylation contributing to tumor initiation and hypermethylation contributing
to tumor progression. The increased heterogeneity of both hypo- and hypermethylation in
late stage prostate disease in TRAMP suggests a general decrease in the fidelity of DNA
methylation in these tumors, which may serve as a source of tumor heterogeneity.

In summary, we have utilized a progression stage model of prostate cancer to
decipher the temporal relationship between the three chief DNA methylation pathway
alterations in cancer. Key aspects of this model will allow for the examination of the role
of specific epigenetic defects to prostate tumor development in vivo.

Materials and Methods

Animals and tissue samples. Fig. 1A summarizes the TRAMP samples used in
this study. Normal prostate samples were obtained from f1 males generated by crosses of
C57BL/6 and FVB strain mice. TRAMP prostate tissues were obtained from f1 males
generated by crosses of C57BL/6 TRAMP males (homozygous for the Probasin-SV40
transgene) with wildtype FVB females. Thus, all TRAMP tumors were heterozygous for
the transgene. All prostate and tumor tissues were microdissected at necropsy. Samples
were flash frozen in liquid nitrogen, and stored at —80°C until use.

Hematoxylin and Eosin (H&E) Staining. Five micron thick tissue sections
were cut from paraffin embedded blocks and mounted on slides. Slides were
deparafinized and rehydrated with Xylene and graded alcohol and equilibrated with Tris-
phosphate buffer. Samples were then stained with H&E, dehydrated through alcohol into
xylene, and mounted with glass coverslips. Tissue sections were scored using a
compound Olympus XI-50 microscope equipped with QCapture imaging software.

Western blot analysis. Nuclear proteins were extracted from mouse tissues using
the Nuclear Extract kit (Pierce Biochemical, Rockland, IL). Protein concentrations were
determined using the Lowry High system (BioRad, Hercules, CA). Western blots were
completed as described previously (2). Dnmtl was detected using the NB 100-264 rabbit
polyclonal antibody (Novus Biologicals, Littleton CO). Dnmt3a was detected with
ab14291 chicken polyclonal antibody (Abcam Inc., Cambridge, MA). Dnmt3B was
detected using the NB 100-266 rabbit polyclonal antibody (Novus Biologicals). Cyclin A
and E2F1 were detected using the sc-751 and sc-193 rabbit polyclonal antibodies,
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respectively (Santa Cruz Biotechnology, Santa Cruz, CA) and Tag was detected with
monoclonal mouse SV-40 large T antigen antibody 554149 (BD Pharmingen, San Diego,
CA). Band density was analyzed using the Personal Densitometer Sl instrument and
ImageQuant 5.2 software (Molecular Dynamics, Sunnyvale, CA).

Restriction Landmark Genomic Scanning (RLGS) and RLGS spot cloning.
High molecular weight genomic DNA was isolated from TRAMP samples and non-
transgenic control prostates as described previously . Individual tumor samples (~75 mg
of tissue) were used for DNA isolation and RLGS analysis. Normal prostate samples
were segregated into four pools of 3-4 prostates to allow for isolation of sufficient high
molecular weight DNA for RLGS. RLGS was performed as described previously .
Hypermethylated genes in TRAMP were identified by RLGS spot cloning as described
previously .

Quantitative Reverse Transcriptase PCR (QRT-PCR). RNA samples were
extracted from mouse tissues and converted to cDNA as described previously . PCR
reactions were conducted using gPCR SYBR MasterMix (Eurogentec, San Diego, CA)
and the 7300 Real Time PCR System (Applied Biosystems, Foster City, CA). Primer
sequences for analysis of p19, p16, Cacnala and 18s rRNA expression were designed
using the Primer3 web-based program and are available upon request. SYBR green
absolute quantification analysis was used to determine target gene copy number, which
was normalized to 18s rRNA.

Sodium Bisulfite Sequencing. Genomic DNAs were isolated using the Puregene
kit (Gentra Systems) and sodium bisulfite conversion was performed using the EZ DNA
Methylation Kit (Zymo Research). Sodium bisulfite sequencing primers were designed
using MethPrimer and are available upon request. Gradient PCR reactions were used to
optimize annealing temperatures for each primer set. PCR products were directly cloned
into the pTopoTA 4.1 vector (Invitrogen, Carlsbad, CA) and individual clones were
sequenced at the RPCI Biopolymer core facility, using an ABI prism automated DNA
sequencer. DNA sequence information was analyzed using Lasergene (DNASTAR Inc.,
Madison, WI). A minimum of 10 independent clones were sequenced per sample.

Determination of 5mdC levels. 5mdC levels were determined using liquid
chromatography-electrospray ionization quadrapole mass spectrometry (LC-MS) as
described previously . Genomic DNAs were isolated using the Puregene DNA isolation
kit (Gentra Systems) and 1 ug genomic DNA samples were digested using 4 units of
Nuclease S1 (Fermentas). All samples were analyzed in duplicate.

Bl Repetitive Element Pyrosequencing. Genomic DNA isolation and sodium
bisulfite conversion were completed as described above. A bisulfite pyrosequencing
assay for the murine B1 element was performed as described previously , with slight
modifications. The pyrosequencing primer (CpG 2) was utilized (11). Pyrosequencing
of the purified single-stranded PCR product was accomplished using the PSQ HS96
Pyrosequencing System (Biotage AB, Uppsala, Sweden). The sequence analyzed
contains 2 CpG sites (5’-CGAACTCAGAAATCCG-3’) and the mean methylation value
of both sites was averaged for each sample. All samples were analyzed in duplicate.
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Figure Legends

FIGURE 1. TRAMP sample grouping and histology. A. Age and weight of
TRAMP samples. TRAMP sample groups and age and weight ranges are as follows:
Prostatic Intraepithelial Neoplasia (PIN, 10-12 weeks, 0.008-0.04 gms), Well
Differentiated (WD, 15-20 weeks, 0.03-0.09 gms), Early Poorly Differentiated Tumors
(EPD, 15-20 weeks, 0.49-4.86 gms), and Late Poorly Differentiated Tumors (LPD, 22-28
weeks, 1.65-15-65 gms). Normal strain-matched prostates were uniformly small
regardless of age. The sample key is shown on right. B. Representative H&E staining of
each sample group.

FIGURE 2. Dnmt protein overexpression during TRAMP tumor progression. A.
Representative Western blot images of Dnmtl, Dnmt3a, Dnmt3b, and Cyclin A in normal
prostates (N) and TRAMP samples (PIN, WD, EPD, and LPD). The arrow on the
Dnmt3a blot indicates the position of Dnmt3a (upper band), as determined by Western
analysis of cell lines containing a genetic disruption of Dnmt3a (data not shown).
Representative Ponceau S total protein staining is shown, and served as a loading control.
Densitometric quantification of Dnmtl (B), Dnmt3a (C), Dnmt3b (D), and Cyclin A (E)
Western blots, showing all analyzed samples. Dots represent individual samples and
horizontal bars indicate the mean of each sample group. Dnmtl (F), Dnmt3a (G), and
Dnmt3b (H) protein expression normalized by Cyclin A. Mann-Whitney test p-values:
**n < 0.005; * p<0.01, for each group compared to normal prostate.

FIGURE 3. Locus-specific DNA hypermethylation during TRAMP tumor
progression. A. RLGS analysis showing Spot 3C21, corresponding to Nrnx2 (solid
circle). The dashed circle illustrates the position of spot loss (hypermethylation event),
seen exclusively in the EPD and LPD samples. B. RLGS analysis showing Spots 3D22
(upper spot) and 3E30 (lower spot), corresponding to Cdkn2a and Gsc, respectively (solid
circles). The dashed circles illustrate the position of spot loss (hypermethylation events),
seen exclusively in the EPD and LPD samples. C. RLGS spot losses (hypermethylation
events) and RLGS spot gains (hypomethylation events) in each sample group. Error bars
indicate +/- 1 SD. D. Hypermethylation events in each sample analyzed by RLGS. Dots
represent individual samples and horizontal bars indicate the mean of each sample group.

FIGURE 4. Downstream hypermethylation and increased expression of Cdkn2a
genes during TRAMP tumor progression. Expression of p19ARF (A) and p16INK4a (B)
in normal prostates and TRAMP tumor samples. mRNA copy number is normalized
relative to 18s rRNA copy number. Dots represent individual samples and horizontal bars
indicate the mean of each sample group. Mann-Whitney test p-values: ** p < 0.006; * p
< 0.05, for each group compared to normal prostate. C. Top: diagram of the Cdkn2a
locus. Open rectangles, p19 exons; hashed rectangles, p16 exons; lines, introns; right
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arrows, transcriptional start sites; vertical arrow, position of the Notl site identified by
RLGS; black rectangles, CpG islands; horizontal line with circles (A-C), regions
analyzed by sodium bisulfite sequencing. Bottom: sodium bisulfite sequencing data of
regions A-C in normal prostate and TRAMP samples. Percent methylation (averaged
over the entire sequenced region), from at least ten sequenced clones per sample, is
plotted. Asterisks are shown above samples that displayed < 1 % methylation.

FIGURE 5. Downstream hypermethylation and increased expression of Cacnala
during TRAMP tumor progression. A. Expression of Cacnala in normal prostates and
TRAMP tumor samples. mRNA copy number is normalized relative to 18s rRNA. Dots
represent individual samples and horizontal bars indicate the mean of each sample group.
Mann-Whitney test p-value: ** p < 0.006, for each group compared to normal prostate.
B. Top: diagram of the Cacnala locus. Right arrow, transcriptional start site; open
rectangles, exons; lines, introns; vertical arrow, position of the Notl site identified by
RLGS; black bar, CpG island; horizontal line with circles (A and B), regions analyzed by
sodium bisulfite sequencing. Bottom: sodium bisulfite sequencing data of regions A and
B in normal prostate and TRAMP samples. Percent methylation (averaged over the
sequenced entire region), from at least ten sequenced clones per sample, is plotted.
Asterisks are shown above samples that displayed < 1 % methylation.

FIGURE 6. DNA hypomethylation during TRAMP tumor progression. A. 5mdC
levels in normal prostates and TRAMP samples. 5mdC levels were determined by LC-
MS as described in the Materials and Methods. Sample groups are the same as described
in Fig. 1A. Dots represent individual samples and horizontal bars indicate the mean of
each sample group. Mann-Whitney test p-values: ** p < 0.005; * p < 0.05, for each group
compared to normal prostate. B. B1 methylation in normal prostates and TRAMP
samples. Methylation of the mouse B1 repetitive element was determined by quantitative
bisulfite pyrosequencing as described in the Materials and Methods. Dots represent
individual samples and horizontal bars indicate the mean of each sample group. Mann-
Whitney test p-values: ** p < 0.005; * p < 0.05, for each group compared to normal
prostate. Correlation analysis of RLGS hypermethylation events and global 5mdC levels
(C) or B1 repetitive element methylation (D) in TRAMP. Spearman Rank Order
Correlation coefficients (r values) and p-values are shown.

FIGURE 7. DNA methylation pathway alterations during prostate cancer
progression in TRAMP. The timing and relative extent of distinct alterations in the DNA
methylation pathway are shown. The dashed line indicates a putative regulatory loop
leading to increased Dnmtl and Dnmt3b protein expression. Details of the model are
explained in the Discussion.
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Fig 1 Morey Kinney et al.

A Normal Prostate
» 100 - O AVGAge=214
c - — AVG Weight = 0.03
O 1 ¥ X PIN
= 0 ol X X @ AVG Age =106
< s X 5 AVG Weight = 0.03
o 1 4 A WD
= A
g A B AVGAge=17.9
0.1 ~— AVG Weight = 0.08
% 8 e |" 8 e EPD
— 0.01 - A AVGAge=16.4
g AVG Weight = 2.05
o 0.001 ‘ \ \ T LPD
X AVGAge=247
9 14 19 24 29 AVG Weight = 7.05
Age (Weeks)
Normal Prostate PIN WD EPD LPD

H & E 20X



A N

PIN

Figure 2. Morey Kinney et al.

WD

EPD

LPD

12 3 45 6 789 10

Dnmt1

—>
Dnmt3a

Dnmt3b

Cyclin A

Ponceau S |

C

- * *% * *%*

S 2000~

B

1)

I

& 15004 vv

= A v

g 1000: PR

& DA o

o 5004 v

o n 4aa *

1S -?— 24

5§  oleme—dls T +
PIN WD EPD LPD

*%* *%*

< 60001

o

2 50001 o

4 0:0

£ 4000-

- *

‘T 30004 :

G id °

& 2000+ e

< o

£ 1000 e %

) °

6‘ 0'-*-‘*‘-‘1"—?—1—
PIN WD EPD LPD
* *

< 3800 * )

T 3400

S 8ot

o

<

E 60- A

2

O 404 A

~ A

© u

‘LE° 204 . A
| |

a 0 = Ada %
PIN WD EPD LPD

B

** ** *% **
= 7000
S *
‘% 6000 °
3 °
EL 50004 . .
W 40004 04 ¢
= ——
2 30004 A 0.0 -—
<4 . vy LN o
o 20004 . v * °
bu) - %
1000+
g A, vy °
a 0"'- T Y T T
N PIN WD EPD LPD
D ** *%* ** **
70001 *
5
-5 60004
3
5 50004 .
& * - °
< 40004
‘D
S 30004 °
o — (X ]
@ 2000 o —5
1S *
< 10004 °
a A B 0 0
[ )
O'M L) T T
N PIN WD EPD LPD
** ** *%
600 A
S 400 4
S 200 h—
& A
<
£
©
>
(6]
o
1S
o
a

280+

80-
40-

20+

*%*

Dnmt3b / Cyclin A Protein

[0},

N PIN

WD

*

Yvv

EPD

LPD

37



A RLGS spot 3c21

Figure 3. Morey Kinney et al.

Normal Prostate PIN WD
— - —
ol - - ~ r—~
P o " -2 . - g
- - - !
. - - a - e
- - ™~ *
B RLGS Spots 3D22 and 3E30
Normal Prostate PIN WD EPD
-— e = _
T - TR DT e
- - @ — 4 a = @ et "
- - - * @ - - - N
- - — - i | P - - - pES
- - - - & - - -
— L _ o .- .
.- - e W - - (e = Te T " A
< g - - - - U o | o= =+ - - c"—\“
- - _‘ » - - & - g« t‘._l
. - - -
- - - - - - 4 &
L 0. & - : - ® 1[* e =-— = - | . - -
- . - - S— - - — P - -
C - D
(2]
g 401 v
304 > S
@ = v
S é 304 v *
T 20- k| Yy, ——
— > vY .
[S) < 204 *
g T o
10- E
8 104 n .
2 n
0- T T T T — ] A
N PIN WD EPD LPD O (l-ogfo—pli * T T
*® N PIN WD EPD LPD

-8~ Hypermethylation

-l Hypomethylation

38



MRNA Expression

104 *% *% *% *%
H*
§ 1024
O 34 vy * °
O 10 —_ -.c.a-
L. ol 1 2
-
#* S A
2 . .
Q 10+ A
()
T
g 10 L]
Q -8.
105 el T T T
N PIN WD EPD LPD
B mRNA Expression
*% *% *% *
-1
# 10 A,
a —x, M
S) A, A
1024 B A *
STl W W e
g 2%
~ 104
#*
>
o
8 1041 e
©
=1
o -5, PN
10 -—0-9-0 T T T Y
N PIN WD EPD LPD
p19ARF p16'NKaa Not | Site
—> —
1B la 2 3
I
] ]
Region A B c
*r—o *—e *—o
+54 +514 +12.2Kb +12.5Kb +19.7 Kb +20.2 Kb
1001 S N1
N| == n2
80+ _
5 PIN 1
— N
% 60 EE PIN2
2 N =3 wD1
g 40+ N 3 wb2
< N| = epp1
201 * **k * N 3 EPD2
SN LPD1
o.mlnlﬂln I i +
A B C 3 LPD2

Bisulfite Sequenced Region

Fig 4.

Morey Kinney et al.

39



mRNA Expression
*%

* *%
> 10-3= °
) o g
o \ 0
n 104 248
3 Y X3 oo
- * [
#1054 ¢
>
™ v
& — A, 242
© 104 Tl
b A, v
d N vy
Q -7 -
8 10 L L) ' L] L]
N PIN WD EPD LPD
Notl Site
Cacnala
—
1 32 33
I ]
[ ] {1 [ —
|
Region A B
*—o *—e
+260  +583 +199.1Kb +199.5Kb
801 &S N1
N2
c 60+ N n PIN 1
o
& EE PIN2
2 404 3 wbD1
o} = wD2
= )
< 20 EPD 1
|—| 3 EPD2
*kkkk
olm—any |:| EPD 3
A B LPD 1
3 LPD2

Bisulfite Sequenced Region

Fig 5.

Morey Kinney et al.

40



Fig 6.

Morey Kinney et al.

5.5 * *k 507 * * *% *%
__ 5.0 5
Q L4 T 454 % A
D 4.5 oy . ° > _..... A A
Q" IVERA / ° £ ° - Aaa N
—aw AAA [ Q ...h» A L id
L% 404 WEm  Ada vv' ¢ = ] A,, Yy *
R " VY- 00 ® 3 401 n AL Yy o3
= VY % %o @ Mt vIF 38
3.54 vy * . X A v pQ
3C J v L) L) L] 35 \ 1) L) ) )
N PIN wD EPD LPD N PIN WD EPD LPD
40+ D 404
8 . ® ° . 8 o
0 ° [ °
3 301 ° b & 301 °®
- ° - °
§- 201 ..' ° g 20 ‘.. °
7] ° ° n (X ]
g y 2 y
& 101 ° r=-0.18 & 101 ° r=-0.07
p-value = 0.20 p-value = 0.37
0 SLLY 0 . . 0 te ° % .
3.0 35 4.0 45 5.0 55 40 45 50 55 60
[%5mdC/dG] % B1 Methylation
401 407 s
8 .o ° o,
%) [ (J
&g 301 ° * i 8 307 *
- ° p o ®
- ) 5
°© o o 2 204 ®s °
(% 204 ° e ® G2 [ )
» ° 0] o
0] V]
& 107 ° r=0.10 & 10- ° r=-0.07
p-value = 0.35 p-value = 0.39
0 T T T T 1 o J ! !
30 35 40 45 5.0 55 45 S0 55 60
[%5mdC/dG] % B1 Methylation

41



Fig. 7. Morey Kinney et al.
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Abstract

Aberrant DNA methylation plays a significant role in nearly all human cancers, and may
contribute to disease progression to advanced phenotypes. Study of advanced prostate
cancer phenotypes in the human disease is hampered by limited availability of tissues.
We therefore took advantage of the Transgenic Adenocarcinoma of Mouse Prostate
(TRAMP) model to study whether three different phenotypes of TRAMP tumors (PRIM -
late stage primary tumors, AIP - androgen-independent primary tumors, and MET -
metastases) displayed specific patterns of CpG island hypermethylation using Restriction
Landmark Genomic Scanning (RLGS). Each tumor phenotype displayed numerous
hypermethylation events, with the most homogeneous methylation pattern in AIP and the
most heterogeneous pattern in MET. Several loci displayed a phenotype-specific
methylation pattern; the most striking pattern being loci methylated at high frequency in
PRIM and AIP, but rarely in MET. Examination of the mRNA expression of three genes,
BC058385, Goosecoid, and Neurexin 2, which exhibited non-promoter methylation,
revealed increased expression associated with downstream methylation. Only methylated
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samples showed MRNA expression, in which tumor phenotype was a key factor
determining the level of expression. The CpG island in the human ortholog of BC058385
was methylated in human AIP, but not in primary androgen-stimulated prostate cancer or
benign prostate. The clinical data demonstrate a proof-of-principle that the TRAMP
model can be used to identify targets of aberrant CpG island methylation relevant to
human disease. In conclusion, phenotype-specific hypermethylation events were
associated with the over expression of different genes and may provide new markers of
prostate tumorigenesis.

Introduction

Prostate cancer (CaP) is the most commonly diagnosed cancer in American men
(12). Molecular markers, such as prostate-specific antigen (PSA), have increased chances
of diagnosing CaP at its earliest stages (12). Treatment options for primary prostate
cancer (PRIM) detected early include radical prostatectomy, radiation therapy, and active
surveillance (12). At the time of diagnosis, approximately 30% of men have disease that
extends beyond the prostate gland- some have clinically metastatic (MET) disease at the
time of diagnosis and others suffer clinical or biochemical recurrence after potentially
curative radical prostatectomy or radiation therapy. Advanced CaP is usually treated by
testicular androgen deprivation therapy (ADT) using surgical or medical castration (12).
However, for most men, CaP will recur in this androgen-depleted environment as a
disease commonly referred to as androgen-independent CaP (AIP) (13, 14). There are
currently no dependable biomarkers to determine which cancers will be most likely to be
highly aggressive and eventually develop into AIP and/or MET disease.

DNA methylation is an epigenetic modification of the DNA that is frequently
disrupted in nearly all types of cancer. Hypomethylation of repetitive elements is
frequently seen and hypermethylation of specific CpG islands in promoter regions of
several tumor suppressor genes are commonly observed to be associated with the
transcriptional silencing of the gene (15-19). Although less well studied, methylation of
non-promoter CpG islands in the 3’ ends or bodies of genes has been associated with
ectopic, or over expression of genes such as PAX6 (20, 21), p16 (2) and others (22).

In recent years, DNA methylation has been touted as an ideal target for the
development of cancer biomarkers (19, 23, 24). The most common CpG island
methylated in CaP is the GSTP1 gene, for which some reports have demonstrated
methylation in >90% of primary CaP (25, 26). However, studies focusing specifically on
the molecular biology of androgen-independent and/or metastatic CaP directly in human
tissues rather than cell lines are limited. A major reason for this is the difficulty in
obtaining these tissues. Given improved screening using digital rectal examination and
PSA testing, most men present with indications for the disease prior to clinically evident
metastatic spread. Those patients that present with metastatic disease are treated by ADT
rather than surgery. Recurrence during ADT is not generally treated surgically as the
recurrence typically occurs at multiple metastatic sites. Even rarer is the collection of
metastatic tumors from patients who have not received ADT. However, since the
metastatic phenotype can be acquired prior to ADT, a cell’s metastatic potential and its
ability to grow independent of androgen stimulation are separable phenotypes.
Therefore, different molecular events may underlie the acquisition of these two
phenotypes. The rarity of these tissues available for research and the difficulty in
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separating the metastatic and androgen-independent phenotypes has limited investigation
into the molecular basis of these phenotypes at the genomic level.

To circumvent some of these difficulties, human CaP cell lines have been used
extensively to study the molecular biology of CaP. These cell line models have led to a
number of important observations that have been confirmed in human tumor tissues (27,
28). However, we have demonstrated that cell lines provide exceptionally poor models
for genomic screening to identify CpG island hypermethylation events (29). Recently,
several studies have been completed using the TRansgenic Adenocarcinoma of Mouse
Prostate (TRAMP) model in which disruption of the DNA methylation pathway was
observed. Dnmts were found to be over expressed in late stage TRAMP primary tumors
and metastases to liver, kidney and lymph node.  Furthermore, non-random
hypermethylation of CpG islands in late stage TRAMP primary tumors was also reported

().

The TRAMP model utilizes the rat probasin promoter to drive expression of SV40
early genes (large and small T antigens) in prostatic epithelium (30). Oncogene
expression leads to further genetic and/or epigenetic changes that result in prostate tumor
formation and disease progression to metastases at several sites in the mouse (31).
Castration of TRAMP mice leads to tumor regression and increased survival (32, 33).
However, some of the mice develop androgen-independent primary tumors that often are
more aggressive and also metastasize (32, 33).

In the current study, the TRAMP model system was used to study CpG island
hypermethylation in CaP in three tumor phenotypes — primary (PRIM), metastatic
(MET), and androgen-independent (AIP) — to determine if DNA methylation differences
existed among them. Numerous high frequency methylation events and phenotype-
specific events were identified, which included three genes whose expression was
increased in methylated samples dependent upon tumor phenotype.

Materials and Methods
Animals and tissue samples.

Restriction Landmark Genomic Scanning (RLGS) was performed on 4 benign
prostate DNAs from nontransgenic mice and a total of 90 TRAMP tumors. All tumors
came from TRAMP mouse F; generation males from the cross TRAMP X FVB, with the
TRAMP mothers on a C57BL/6 background. All androgen-dependent primary prostate
tumors (PRIM) and metastases (MET) were collected from different mice without
androgen deprivation.  For the intraprostatic androgen-independent tumors (AIP),
animals were castrated at 12 weeks of age (after primary tumor formation had begun) and
recurring tumors were collected 12 weeks later. A total of 30 PRIM, 30 MET (from liver
and lung), and 30 AIP tumors were analyzed.

Human Tissues

The androgen-stimulated benign prostate (AS-BP) samples were obtained from
patients treated for lower urinary tract symptoms by transurethral prostatectomy. The
androgen-stimulated primary prostate cancer (AS-CaP) samples were obtained from
patients treated for CaP by prostatectomy. The recurrent primary tumors (RCaP) were
obtained by transurethral resection from patients who presented with urinary retention
from recurrent CaP during ADT (34). AS-CaP and AS-BP were enriched to > 70%
epithelial cells using standard microdissection of 20 um frozen step sections adjacent to 8
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um sections identified by H&E staining to contain more than 50% epithelial cells, as
previously described (35). RCaP did not require microdissection as it was composed of
an average of 92% malignant cells (34).

Restriction landmark genomic scanning and spot cloning

The protocol for extraction of genomic DNA from tissues was described
previously (36). The published protocol of Dai et al. (2003) (37) was followed for RLGS
gels. RLGS spots of interest were cloned as previously described (36, 38-40) .
Quantitative Real Time RT-PCR (gRT-PCR)

RNA samples were extracted from mouse tissues using Trizol reagent
(Invitrogen) and converted to cDNA using random hexamer and oligo-dt primers by
‘First strand cDNA synthesis kit” (Fermentas). PCR reactions were conducted using the
gPCR MasterMix Plus for SYBR Green | (Eurogentec, San Diego, CA) Primer sets,
shown in Supplemental Table 1, for specific amplification were obtained from IDT.
Absolute quantification was used to determine gene expression copy number normalized
to 18S rRNA. All reactions were performed in triplicate and the data are presented as the
mean 18S normalized quantity X 10,000.

Sodium Bisulfite Treatment

Sodium bisulfite treatment to convert unmethylated cytosine to thymidine was
completed following the manufacturer’s protocol EZ-96 DNA Methylation Kit (Zymo
Research, Orange, CA) using 750 ng in 50 pl of distilled water and M-Dilution Buffer.
The treated samples were resuspended in 75 ul of M-Elution Buffer and stored at -20°C.
MassARRAY Quantitative Methylation Analysis (MAQMA)

MassArray Quantitative Methylation Analysis (MAQMA) was performed using
the MassARRAY Compact system developed by the Sequenome Company, as previously
described (41), using the primers shown in Supplemental Table 2. This system utilizes
mass spectrometry (MS) for the detection and quantitative analysis of DNA methylation.
This approach has been shown to a be highly accurate and reproducible way to quantitate
methylation (42) Regions near the RLGS spots of interest to be analyzed were
determined as follows: For spots 2G63 and 3C21, which were within CpG islands, we
sequenced a region within the islands. For spot 5F09, which was not within a CpG
island, nor near the 5* end of the gene, we sequenced a region encompassing the Notl
site.

Statistics

All statistical analyses were performed using the Graph Pad Prism 5 software. To
test for normality of distribution of data, D'Agostino & Pearson omnibus normality test
was used. To test for differences between two groups with non-normal distribution, a
student’s t-test with Welch’s correction factor was used. To test for differences among
more than two groups with non-normal distribution, the Kruskal-Wallis test was used.
To test for correlation between methylation % and expression levels, the Spearman’s
Rank Order correlation test was used.
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Results
Genomic scanning of CpG island methylation in TRAMP tumors

To identify CpG island hypermethylation in CaP from the TRAMP model, we
performed restriction landmark genomic scanning (RLGS). RLGS profiles of benign
prostatic DNA collected from four different animals from the cross C57BL/6 X FVB f;
produced the same pattern of RLGS spots. A region of the profile containing 1445 spots
was found to be resolvable in all tumor gels and was analyzed in all 90 TRAMP tumor
RLGS profiles compared to a single benign prostate tissue DNA RLGS profile. Any spot
absent or greatly reduced in intensity in the tumor profile was considered lost, and
therefore methylated as, previously demonstrated (2, 43, 44). The numbers of RLGS
spots lost for each of the three groups of 30 tumors studied is shown in Supplemental
Table 3 and analyzed in Figure 1. An average of 32, 36, and 31 RLGS spots were lost
(hypermethylation events) in PRIM, AIP, and MET tumors, respectively (Table S3 and
Fig 1A). Although there was no significant difference in the average number of
methylated loci in each group, there was significantly more variability among samples in
the MET group compared to either the PRIM or AIP groups. The PRIM and AIP groups
showed nearly identical distributions of the total number of methylated loci in each of the
30 samples, whereas the MET group exhibited a significantly different distribution with
some samples having greater than 80 methylated loci and others with as few as 12 (Table
S3, Fig 1A).

Despite the fact that the distribution of total numbers of methylated loci was
nearly identical between PRIM and AIP, the frequency at which specific loci were
methylated within the groups differed (Fig 1B). Although the number of loci methylated
in any sample was lowest in the AIP group, these loci were methylated at a higher
frequency within the AIP group than either the PRIM or MET groups (Fig 1B).
Comparing the three phenotypes, the AIP group displayed the highest percentage of
RLGS spots that were methylated in 26-30 of the samples (Fig 1B), whereas the MET
group had the largest proportion of loci methylated in only 6-10 samples. These data
indicate that the AIP tumors have the most homogeneous pattern of RLGS spot
methylation, while the MET group has the most heterogeneous.

Totals of 222, 212, and 270 RLGS spots were methylated at least once in the
PRIM, AIP, and MET groups of samples, respectively. Limiting the analysis to spots
methylated minimally 3 times out of 30 within each phenotype, 89, 93 and 106 such
spots, respectively, were found. A total of 48 loci were hypermethylated at least once in
all three phenotypes (Fig 1C). The number of spots lost in two of the three phenotypes
decreased to 10, 10, and 15 for the combinations of PRIM+MET, AIP+MET, and
PRIM+AIP, respectively (Fig 1C). These data indicate that the two primary tumor
phenotypes are more similar to each other than they each are to the metastatic phenotype.
In addition, the number of loci hypermethylated in a single phenotype (PRIM =16, AIP =
20, and MET = 38) suggests more heterogeneity in the MET samples compared to the
PRIM samples (Fig 1C).

Tumor phenotype-specific hypermethylation of RLGS spots

Table 1 shows the RLGS spots of interest based on their pattern of loss among the
three phenotypes. A total of 13 RLGS spots were lost in greater than 33% of the samples
regardless of phenotype. The most frequently lost spot was 3D22, which was lost in 82
of the 90 samples. This RLGS spot has been identified in the 3’ end of the Cdkn2a locus.
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We have previously demonstrated that the promoter region of p19 and pl16 were not
methylated in TRAMP tumors and the 3’ end methylation detected by RLGS was
associated with over expression (2).

Although no RLGS spot losses were specific to either the PRIM or MET
phenotypes, six loci showed significant specificity for the AIP phenotype. More striking
was the observation that 13 loci showed a significant association of methylation with the
PRIM and AIP phenotypes, but little or no methylation in the MET tumors (Table 1).
The strongest example of which was spot 3C21 (spot # 1, Table 1), lost in 20 PRIM and
27 AIP tumors, but only 1 MET lesion. Supplemental Figure 1 shows representative
examples of RLGS gel analysis with 4C38 (spot # 23, Table 1) representing a locus lost
at high frequency regardless of phenotype (Fig S1A), spots 3C21 and 2G63 (spot # 1,
Table 1) lost only in PRIM and AIP (Fig S1B, C), and spot 4D69 (spot # 4, Table 1) lost
exclusively in AIP samples (Fig S1D). These observations support the hypothesis that
different tumor phenotypes display a specific methylation pattern.

Mass Array Quantitative Methylation Analysis of RLGS loci of interest

RLGS spot loss is based on the methylation of critical CpGs in the target
sequence of the Notl enzyme. In order to confirm the specificity of methylation to the
PRIM and AIP phenotypes observed by RLGS, and further, to determine if methylation
of the Notl site indicated methylation in the surrounding region, three of the four RLGS
loci that showed the strongest prevalence for methylation in the PRIM or AIP phenotypes
were analyzed using Mass Array Quantitative Methylation Analysis (MAQMA) on all 90
tumor samples. MAQMA gives a quantitative value of percent methylation at each
informative CpG dinucleotide. A diagrammatic representation of the data for half the
samples in each phenotype for 2G63 and 3C21 is shown in Supplemental Figure 2. The
MAQMA analysis confirmed the phenotype-specificity identified by RLGS
demonstrating methylation of these loci specifically in PRIM and AIP tumors, but not
MET tumors.

In order to get a single value for comparison purposes between RLGS and
MAQMA data, the average percent methylation of all the CpG dinucleotide in each of the
90 samples was plotted in Figure 2. Methylation of the Notl site by RLGS analysis
matched quite well with methylation of the surrounding DNA for spots 2G63 and 5F09
(spot # 3, Table 1). Only a small number of cases exhibited discordance between the two
approaches (Fig S2A and Fig 2A, C). This was particularly clear for 2G63 (Fig 2A); the
only AIP tumor of 30 that did not show RLGS spot loss also showed very low
methylation by MAQMA. However, for spot 3C21, we observed that several of the
samples expected to be methylated based on RLGS analysis had less than 50%
methylation (Fig S2B and Fig 2B). Nevertheless, all samples that were unmethylated as
shown by RLGS displayed very low levels of methylation by MAQMA.

This and all bisulfite sequencing based approaches can underestimate methylation
due to PCR bias against the methylated alleles. The potential for such PCR bias has been
documented by multiple groups and shown to be very amplicon dependent (45, 46). To
assess the possibility of bias against amplification of methylated alleles we in vitro
methylated (IVM) an aliquot of commercially available peripheral blood lymphocyte
(PBL) DNA with Sssl methylase, which methylates all CpG dinucleotides. Various ratio
mixtures of the normal DNA with the IVM DNA were prepared, creating 100%, 75%,
50%, 25%, and 0% IVM DNA controls. These control DNAs were bisulfite treated and
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used as template for bisulfite PCR and MAQMA analysis. Examination of the control
samples for each of the MAQMA primer sets revealed that, while 2G63 and 5F09 had
very little bias, 3C21 displayed a strong bias toward unmethylated product, particularly
between 25% and 75% expected methylation (Fig S2A, B and Fig 2D). This bias
resulted in a lower observed percent methylation than expected for 3C21 (Fig 2D). These
data indicate that RLGS analysis is a good predictor of methylation within an entire
region surrounding the Notl site.

Expression of phenotype-specific hypermethylated genes in TRAMP

DNA methylation is an important mechanism for regulating gene transcription
and has been most commonly associated with gene silencing when found at the 5 ends of
genes. Most RLGS loci hypermethylated in cancer come from CpG islands in the 5’ ends
of genes. However, for the set of eight genes that were specifically methylated in PRIM
and AIP, but not MET, >60% were found in the body or 3’ end of the gene (Table 1). We
chose three such RLGS loci (2G63, 3E30, and 3C21) to study the relationship between
body of the gene or 3’ end methylation and expression.

Using quantitative reverse transcription PCR (QRT-PCR), the mRNA expression
of the 2G63 transcript, BC058385, where the methylated CpG island surrounds the fourth
exon, was measured in Figure 3. Increased expression correlated with increased
methylation (Fig 3B) (Spearman’s Rank Order Correlation r=0.756; p<0.0001) using
RNA from 15 samples in each phenotype (samples were chosen to include both
methylated and unmethylated examples in each phenotype). No expression and very
little methylation were observed in normal prostate. Though methylation of this locus
was primarily seen in PRIM and AIP tumors, there were eight MET tumors with
methylation. We analyzed expression in six and found that all six showed little or no
expression. This is in contrast to the methylated PRIM and AIP samples, approximately
half of which showed expression when methylated (Fig 3B). These results indicate a
separate mechanism in conjunction with DNA methylation that may be regulating
expression of these genes in a phenotype-specific manner.

Expression of the Goosecoid (Gsc) homeobox gene (3E30 -spot # 2, Table 1) was
also measured using qRT-PCR. This locus is unique in that the Notl site is not contained
within a CpG island but is within the third exon at the 3’ end of the gene approximately
2kb away from the CpG island encompassing the transcriptional start site (Fig 3).
MAQMA analysis surrounding the transcriptional start site showed no methylation (data
not shown) in any of the 90 samples despite methylation of the 3* Notl site in 24 PRIM,
29 AIP, and 5 MET samples. Quantitative expression analysis demonstrated that none of
the unmethylated samples showed expression of Gsc, but some of the methylated samples
did (Fig 3C). Furthermore, after separating the data by phenotype, it became clear that
the few MET samples that had methylation of the 3* Notl site also had the highest levels
of expression as a group (Fig 3D).

DNA methylation and expression from the Neurexin 2 o and p promoters

The most striking example of phenotype-specificity of CpG island methylation
was RLGS spot 3C21, which was lost in 20/30 PRIM, 27/30 AIP, and only 1/30 MET
tumors (p=1.0E-12 for specificity to PRIM and AIP). 3C21 represents a CpG island in
exon 2 of the Nrxn2 locus. There are two promoters for Nrxn2 (o and ), which is a
signature feature of the Neurexin family of genes (47-49), and each promoter is within a
CpG island, as shown in Figure 4 (CpG islands A and C). The transcript from the
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promoter contains a unique first exon, but otherwise shares the same exons as the
transcript from the o promoter from exon 17 onward (49). The Notl site analyzed by
RLGS is found within CpG island B, located 9 kb downstream of the o promoter of
Nrxn2. MAQMA analysis of all three CpG islands showed that the methylation at island
B in exon 2 closely matched the methylation observed by RLGS; most of the PRIM and
AIP tumors displayed robust hypermethylation (Fig 2B). However, little or no
methylation was observed at either the o or the B promoter (CpG islands A and C) in any
of the 90 samples (data not shown).

Using gRT-PCR and primers that were specific to each transcript (Fig 4), mRNA
expression originating at both promoters was measured (Fig 4). We observed a
significant increase in expression at the o promoter (Fig 4A) when CpG island B was
hypermethylated 9 kb downstream. Furthermore, consistent with the methylation pattern,
the over expression was only observed in the primary tumors and androgen-independent
tumors, not in the metastases (Fig 4B). Expression for the  isoform of Nrxn2 did not
correlate either positively or negatively with methylation at CpG island B. (Fig 4C, D).
No correlation could be detected between usages of the o or B promoters (data not
shown).

Aberrant methylation in TRAMP model conserved in human prostate cancer

In order to determine if novel targets of aberrant CpG island hypermethylation
identified in the TRAMP model were relevant to the human disease, the methylation of
the human orthologs of two RLGS loci were studied in sets of 13 human androgen-
stimulated benign prostate (AS-BP), 13 androgen-stimulated primary prostate cancer
(AS-CaP), and 12 primary tumor recurrences during androgen deprivation therapy
(RCaP). MAQMA analysis was performed on the human samples for the orthologous
regions in the human genome for the mouse RLGS spots 3C21 and 2G63. For spot 3C21,
the human NRXN2 locus has the same structure as the mouse. However, we found no
methylation in any of the human samples for CpG island B (data not shown). For spot
2G63, the orthologous region in the human genome matches a CpG island in the fourth
exon of gene BC029292 on chromosome 7g11.23. The MAQMA data in the human
samples, as shown in Figure 5, demonstrated little or no methylation in the AS-BP and
AS-CaP (Fig 5A, B) samples but greater than 50% methylation was observed in 5/12
RCaP samples (Fig 5B, D). These data demonstrate a proof-of-principle that the loci
identified as novel targets of methylation in the TRAMP model (Table 1) may be relevant
to the human disease.

Discussion

These studies demonstrated that three different tumor phenotypes — PRIM, AIP,
and MET - from the TRAMP model exhibited many hypermethylation events throughout
the genome as well as phenotype-specific patterns of hypermethylation. Furthermore, the
TRAMP model was used to identify CpG island methylation relevant to human CaP.
Similar to previous studies (43, 50, 51), we found that methylation at the Notl site as
measured by RLGS is a good indicator of the methylation in the surrounding region. Our
findings led to the identification of gene over expression coinciding with downstream
hypermethylation, which may or may not be contained within a CpG island. This is
similar to previous findings of methylation of non-promoter CpG islands in the 3’ ends or
bodies of genes associated with ectopic, or over expression of genes such as PAX6 (20,
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21), p16 (2) PDX1 and OTX1 (22). We showed that the BC058385 (RLGS spot 2G63)
and Nrxn2 (RLGS spot 3C21) transcripts are over expressed when their downstream CpG
islands are hypermethylated. We also found that Gsc expression is increased with
hypermethylation of a downstream region that does not contain a CpG island, while the
upstream CpG island showed no methylation in any samples.

It is striking that for Gsc, three of the five data points above the median level of
expression in the methylated samples (Fig. 3D) come from the MET group, yet this is
exactly the group showing the least number of cases with methylation. This is in contrast
to the data from Nrxn2 and the 2G63 transcript (Fig 3B and 4B), where only methylated
samples showed expression but the MET samples showed no expression even in the few
cases where the MET samples were methylated. These data suggest that methylation of
the 3’ ends of these genes is necessary, but not sufficient for their expression since none
of the unmethylated samples show any expression, but a number of methylated samples
also have no expression. In all three cases, however, tumor phenotype is the key to
determining which of the methylated samples show expression. It does not seem likely
that the 3’ end methylation is driving the over expression given the large number of cases
where methylation is seen without over expression. However, it may be the case that the
3’ end methylation is a stabilizing factor in initiating transcription when other conditions
are favorable for transcription of the gene. Nevertheless, what is clear is that only those
cases with high level methylation at the 3’ end of Gsc and the body of Nrxn2 and the
2G63 transcript showed over expression in our data set and tumor phenotype was a strong
factor in determining which methylated samples had over expression.

Gsc is a highly conserved transcription factor that is the most abundantly
expressed homeobox gene in the Spemann organizer in X. laevis (52). Expression of this
gene allows these cells go through epithelial to mesenchymal transition (EMT) during
gastrulation and ingress into the interior of the embryo. It was recently demonstrated that
ectopic expression of GSC is found in human breast tumors and this expression was
shown to be able to induce EMT and increase the ability of cells to form metastases (52).
We found that 53/60 TRAMP tumors at the primary site showed methylation in the 3’
end of Gsc, yet most showed no expression. The MET tumors, however, showed
methylation in only 5/30, but four of these five showed elevated Gsc expression, ranging
from slightly to highly over expressed. We propose that the high rate of methylation we
see in tumors at the primary site is a requisite early step in overcoming the negative
regulation of Gsc put in place after embryogenesis, but not sufficient for ectopic
expression. Those primary tumor cells that do acquire ectopic expression may have
better ability to undergo EMT and acquire migration and survival abilities increasing
their metastatic potential. In the metastatic tumors that develop, continued expression of
Gsc may not be required, and the negative regulation of this gene may become re-
established as reflected by the fact that most MET tumors do not exhibit methylation of
the 3° end. In the few metastatic tumors where we observed 3’ end methylation and
varied levels of ectopic expression, perhaps the negative regulation of Gsc was not yet re-
established.

Neurexin 2 has two promoters (o and B); both with CpG islands, plus a third CpG
island in exon 2 located 9 kb downstream of the a. promoter. We found that transcripts
originating from the o promoter were over expressed when the internal CpG island was

51



hypermethylated. Both the o and B promoters were unmethylated in all 90 samples.
Methylation of the internal CpG island does not appear to alter which of the two
promoters is used. We could find no correlation between the level of a transcript and 8
transcript in each sample. Expression of the Nrxn family of proteins is highly complex
with literally hundreds of different possible proteins arising due to extensive alternative
splicing at both the 5 and 3’ ends, as well as alternative promoter usage. Much more
work will be required to understand how aberrant methylation in CaP affects this
complex system.

When we investigated whether some of the methylation events identified in the
TRAMP model were conserved in the human disease, we found that the human ortholog
to the mouse RLGS spot 2G63 (BC029292) was methylated in 42% of human RCaP with
very little methylation in AS-BP and only slightly more in AS-CaP. The human
NRXN2 CpG island, however, was not methylated in any human samples. The NRXN2
gene product is involved in synaptic adhesion and is expressed in neurons. Interestingly,
in the TRAMP mouse, where we observed a high frequency of methylation in PRIM and
AIP tumors, a neuroendocrine phenotype is very commonly observed in late stage
primary and androgen-independent tumors, but less commonly in metastatic tumors (9).
However, in the human disease, where we did not observe NRXN2 methylation, a
primarily neuroendocrine phenotype is much less common (9, 53, 54). Itis likely that the
expression of Nrxn2 in tumors with a high neuroendocrine component is reflective of the
fact that a large proportion of the tumor cells have taken on a neuroendocrine phenotype,
and may in fact prove to be an effective marker of the phenotype. These observations
suggest that the TRAMP model may be a very useful tool for the identification of novel
targets of aberrant CpG island hypermethylation in human CaP, but that there will also be
differences; some of which are likely to be at genes whose function contributes to
different characteristics between the mouse model and the human disease.

We have demonstrated that aberrant DNA methylation plays a significant role in
the TRAMP mouse model. The finding of phenotype-specific methylation events,
particularly those events unique to tumors found at the primary site, but not at the
metastatic sites, suggests that epigenetics in general, and DNA methylation in particular,
may play an important role in advanced CaP. To a lesser degree, we also demonstrated
differences in methylation patterns between primary tumors and androgen-independent
recurrences. These loci identified by genomic scanning in this mouse model can be used
in a candidate gene approach to study the advanced phenotypes of the human disease in
the very limited samples that are available and generally not amenable to genome wide
screens.
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Figure legends

Figure 1) Global analysis of RLGS data. A) Plot showing the number of RLGS spots
lost in each of the 30 tumor sample RLGS profiles in each of the three phenotypes:
primary, androgen-independent primary, and metastatic tumors. The dotted lines
represent the median number of spots lost in each group, and the bars represent the
interquartile range. B) Frequency distribution for RLGS spot loss showing the
percentage of spots lost in the number of tumors indicated on the X axis. The
percentages are taken from the total number of spots lost at least once in each of the three
phenotypes (222, 212, and 270 spots each for primary, androgen-independent primary,
and metastatic tumors, respectively). C) Venn diagram of RLGS spot loss comparing the
specific loci methylated in the three tumor phenotypes and limited to those spots lost
three or more times within a phenotype.

Figure 2) Mass Array Quantitative Methylation Analysis (MAQMA) of three RLGS loci
on the entire sample set. A-C) The average level of methylation detected by MAQMA
across the sequenced fragment of the CpG islands for each samples is shown on the Y
axis. This value comes from taking the average of MAQMA values for each CpG
dinucleotide sequenced for each sample. The samples are divided up categorically by
phenotype (PRIM, MET, or AIP) and the RLGS status (methylated or unmethylated) for
each spot along the X axis. Each symbol represents a single sample. D) To test for
bisulfite PCR bias we used peripheral blood lymphocyte (PBL) DNA as a 0%
methylation control, and an in vitro methylated (IVM) aliquot of the same DNA as a
100% methylated control. These DNAs were mixed at appropriate ratios to generate
75%, 50%, and 25% methylated controls and all the controls were bisulfite treated and
used as template for bisulfite PCR and MAQMA analysis. The data are presented in a
XY scatter plot with the observed methylation values (average MAQMA values as in A-
C) on the Y axis plotted against the expected methylation values based on the ratios of
PBL DNA to IVM PBL DNA used as template. The results of a theoretically perfect
experiment are shown as a straight line with closed circles. All data points below this
line represent PCR bias against the methylated alleles.

Figure 3) Genomic structure, DNA methylation, and expression of genes. A) Cartoon of
the genomic structure of the BC058385 mRNA 57kb locus, and of the of the Gsc 2kb
locus. The CpG island and the Notl site represented by the RLGS spot 2G63 are shown
and fall in exon 4. The CpG island and the Notl site represented by the RLGS spot 3C21
are shown. The MAQMA and gRT-PCR primers are shown. B) SYBR green gqRT-PCR
results plotted against MAQMA results in an XY scatter plot. SYBR green qRT-PCR
was performed on 15 samples from each of the three phenotypes and normal prostate
cDNA and normalized to 18s rRNA levels. C) SYBR green gRT-PCR results for Gsc
plotted against RLGS status. SYBR green gRT-PCR was performed on 10 samples from
each of the three phenotypes and normalized to 18s rRNA levels. D) Same as in C)
except plotted by phenotype and RLGS status.

Figure 4) Genomic structure, DNA methylation, and expression of the Nrxn2 locus.

Cartoon of the genomic structure of the Nrxn2 105kb locus. A) SYBR green gRT-PCR
results for Nrxn2« plotted against RLGS status. B) Same as in A) except plotted against
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phenotype. C) SYBR green gRT-PCR results for Nrxn24 plotted against RLGS status. D)
Same as in C) except plotted against phenotype.

Figure 5) MAQMA data for the human ortholog to mouse 2G63 CpG island on human
prostate tissues. Each line represents a single sample, with each circle representing a
CpG dinucleotide. The percent methylation at each CpG is indicated by the grey scale
shading of each circle according to the key at the top of the figure. CpG dinucleotides for
which no data could be obtained are shown as a grey, dashed circle. The number to the
left of each line indicates the sample number. A) Data for 13 androgen-stimulated benign
prostate (AS-BP), B) Data for 13 androgen-stimulated primary prostate cancer (AS-CaP),
C) Data for 12 primary tumor recurrences after androgen deprivation therapy (RCaP), D)
The average level of methylation detected by MAQMA across the sequenced fragment of
the CpG islands for each samples is shown on the Y axis. This value comes from taking
the average of MAQMA values for each CpG dinucleotide sequenced for each sample.
The samples are divided up categorically by phenotype (AS-BP, AS-CaP, or RCaP) along
the X axis. Each symbol represents a single sample.
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Table 1 RLGS spots of interest.

# |Spot PRIMMETIAIP Total Class 9P-valuefCGI| Context H;Swgr;g
n=30 |n=30|n=30|n=90 9y
1 03c21] 20 | 1 | 27| 48 | *Primor AIP |1.0E-12| Y | Body Nrxn2
2 |3e30| 24 | 5 | 29 | 58 | Primor AIP |2.3E-11| N | 3'end Gsc
3 [5Fo9| 19 2 | 21| 42 | Primor AIP |[25E-08| N Body Cacnala
4 |2G63] 22 | 8 | 29| 59 | PrimorAIP |7.1E-08] Y | Body | BC058385
S 2B37| 14 | 1 | 14| 29 | Primor AIP |1.0E-05| - | - -
6 IsB30| 20 | 6 | 22| 48 | PrimorAIP |12E-05| Y | Body | AK139829
7 |aD27| 16 6 19 | 41 | Primor AIP |7.0E-04| Y | %'end Hoxa2
8 |se16| 8 | 0 | 8 | 16 | Primor AIP |9.1E-04] -- - -
9 laco1| 18 | 9 | 20 | 47 | Primor AIP |3.0E-03] Y | Send | AKO044818
10 3po1| 7 | o 14 | Primor AIP |3.0E-03| -- - -
11 bc1o 0 14 | Primor AIP |3.8E-03| -- - -
12 oc17l 7 | o 12 | Primor AIP_|7.0E-03| -- - -
13 l4c17| 13 | 8 | 20 | 41 | Primor AIP |1.4E-02| Y | 5'end Lhfpl4
14 14pe9l 0 | 0 | 9 | 9 |AIP specificity| 2.0E-05| Y | Send Nfyb
15 l4e04| 2 | 4 | 15 | 21 |AIP specificity | 5.0E-05| Y | S'end Tpm2
16 l4psal 0 | 5 | 14 | 19 |AIP specificity | 6.0E-05| Y | S'end Pawr
17 lag16] 0 | 1 10 | AIP specificity | 1.0E-04| Y | Send Tpm2
18 13c39) 0 | 0 7 | AIP specificity |2.0E-04| Y | S'end Mid1ipl
19 I3gss] 5 | 2 | 13 | 20 |AIP specificity | 1.0E-03| Y | Send 1165t
20 I3p22| 29 | 23 | 30 | 82 Frequency N | 3end Cdkn2a
21 lac11| 21 | 25 | 28 | 74 | Frequency N | Body |4932416N17Rik
22 |4E25| 23 | 25 | 26 | 74 | Frequency - - -
23 lacss| 19 | 15 | 28 | 62 | Frequency Y | 5'end Lhfpl4
24 lac31| 23 | 11 | 25 59 Frequency N Body Adcy5
25 lac13| 23 | 9 | 26 | 58 | Frequency Y | 5end | AK039621
26 13p67| 18 | 17 | 21 | 56 | Frequency Y | 3end Oprd1
27 |oco8| 16 | 14 | 22 | 52 | Frequency Y | 5end | AK004006
28 |oE04| 19 9 |13 | 41 Frequency -- -- --
29 bp21| 13 | 8 | 15| 36 | Frequency Y | 3end | BC025575
30 [3g56| 9 | 11 | 15| 35 | Frequency Y | 5'end Zfp787
31 |3g07| 7 | 12 | 16 | 35 | Frequency Y | Send | U2afi-rsl
32 |sD10| 6 12 | 15 | 33 Frequency N [Intergenic| Intergenic

#Spots lost significantly in primary tumors plus androgen-independent primary tumors (n=60), but not
metastatic tumors (n=30); "Spots lost significantly in androgen-independent primary tumors (n=30), but
not in primary plus metastatic tumors (n=60); “Spots lost in greater than 30 samples from all tumor types
(n=90); “Fischer’s Exact test (two-tailed) for class membership; ®Is the RLGS spot Notl site within 200bp
of a CpG island; 'RLGS spot is unidentified; ®Within 5kb of transcriptional start site and/or including exon
1; "Annotated gene, mRNA, or spliced EST within 5 kb of the CpG island or Notl site.
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RLGS spot methylation Figure 1. Camoriano
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MAGQMA % methylation

MAQMA % methylation

Figure 2 Camoriano et al.
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Figure 3 Camoriano et al.
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Figure 4 Camoriano et al.
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Figure 5. Camoriano et al.
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